Background: Low levels of serum 25-hydroxy vitamin D (25(OH)D), have been associated with development of type 2 diabetes and cardiovascular disease (CVD); however there are limited data on serum 25(OH)D in Indigenous Australians, a population at high risk for both diabetes and CVD. We aimed to assess levels of serum 25(OH)D in Aboriginal and Torres Strait Islander Australians and to explore relationships between 25(OH)D and cardio-metabolic risk factors and diabetes. Methods: 592 Aboriginal and/or Torres Strait Islander Australian participants of The eGFR (estimated glomerular filtration rate) Study, a cross-sectional analysis of a cohort study performed in 2007-2011, from urban and remote centres within communities, primary care and tertiary hospitals across Northern Territory, Far North Queensland and Western Australia. Assessment of serum 25(OH)D, cardio-metabolic risk factors (central obesity, diabetes, hypertension, history of cardiovascular disease, current smoker, low HDL-cholesterol), and diabetes (by history or HbA1c ≥6.5%) was performed. Associations were explored between 25(OH)D and outcome measures of diabetes and number of cardio-metabolic risk factors.
Background
The major contributor to the significantly reduced life expectancy of Indigenous Australians, compared to the general Australian population is the overwhelming burden of chronic diseases, such as ischaemic heart disease, diabetes and chronic kidney disease [1] . Low levels of serum 25-hydroxy vitamin D (25(OH)D), the best marker for vitamin D status, have been associated with development of the metabolic syndrome [2] , diabetes [3, 4] and cardiovascular disease [5] in many parts of the world, but there are limited data on serum 25(OH)D levels in the high risk Indigenous Australian population.
Most available data on vitamin D deficiency in Australia relate to studies performed in the temperate zones. The Australian Diabetes, Obesity and Lifestyle (AusDiab) study reported that 31% of adults in Australia had serum 25 (OH)D levels less than 50 nmol/L, with a higher prevalence during winter-spring and in people residing in southern states [6] . Studies that have assessed vitamin D levels in groups such as the elderly [7] , and free-living adults in Southeast Queensland (subtropical) [8] have demonstrated a prevalence of vitamin D deficiency (defined as serum 25(OH)D < 50 nmol/L) of at least 25%. However, small studies from the tropical region of Far North Queensland have reported a low prevalence of vitamin D deficiency in a healthy obstetric population (0%) [9] and in free-living adults (6.2%) [10] . Large population-based studies on vitamin D status are lacking in tropical Australia.
It is notable that the prevalence of vitamin D deficiency is higher in people with dark skin. A recent systematic review reported a prevalence of 30-53% in ethnic minorities with dark skin versus 14-26% in those of Europid background [11] . Limited data from South Australia show that Indigenous Australians have a low vitamin D status [12] . However, approximately 40% of Indigenous Australians live at latitudes closer to the equator -in the tropical and subtropical regions of Australia [13] . In the context of high risk of premature mortality from cardiovascular disease and related chronic diseases in Indigenous Australians and the reported association between vitamin D and chronic diseases, further assessment of the vitamin D status and its relationship to cardio-metabolic risk factors in this high risk population is warranted.
Therefore, we evaluated the serum 25(OH)D levels in Aboriginal and Torres Strait Islander Australians in a cross sectional cohort of 592 Indigenous Australians from urban, regional and remote areas of the Northern Territory, Western Australia and Far North Queensland, participants in The Estimated Glomerular Filtration Rate Study (The eGFR Study) [14, 15] . The aim of the eGFR Study was to assess the accuracy of estimated measures of glomerular filtration rate in Indigenous Australians. The aim of the current analysis is to assess levels of serum 25(OH)D in Indigenous Australians and to explore relationships between 25(OH)D and cardio-metabolic risk factors in this cohort.
Methods

Participants
The methods of the eGFR Study have been previously reported [14, 15] . In brief, Aboriginal and/or Torres Strait Islander participants aged 16 years and above were recruited across five predefined strata of health, diabetes status and kidney function from the following regions of Australia: Top End, Northern Territory, Central Australia, remote Western Australia and Far North Queensland. The study was approved by the joint Menzies School of Health Research and Northern Territory Department of Health Human Research Ethics Committee (HREC) and other HRECs in the above regions [14] .
Participants fulfilled the definition of ' Aboriginal and/or Torres Strait Islander' according to the standard method used in National Census data collection: "1) is of Aboriginal and/or Torres Strait Islander descent; 2) identifies as an Australian Aboriginal and/or Torres Strait Islander; and 3) is accepted as such by the community in which he or she lives or has lived." Of the 656 Indigenous participants of the eGFR Study, 605 had available data for serum 25(OH)D. Participants aged <18 years were excluded from this analysis (n = 13), leaving n = 592 participants presented here. Participants of both Aboriginal and Torres Strait Islander background (n = 52) were combined with the Torres Strait Islander group as the two groups did not differ significantly for: age, body mass index (BMI), waist circumference, waist hip ratio (WHR), blood pressure (BP), HbA1c, lipid profile, urine albumin creatinine ratio (ACR), and serum 25(OH)D. The combined group of Torres Strait Islander participants and those of both Aboriginal and Torres Strait Islander background is referred to as Torres Strait Islander participants. This analysis includes 22 participants without data for measured glomerular filtration rate (mGFR), and participants missing data for other cardio-metabolic variables.
The latitude of participants' usual residence (Additional file 1: Figure S1 
Laboratory methods
The laboratory methods have been previously published [14] . In brief, urine albumin and creatinine, lipid profile (non-fasting) and HbA1c assays were performed at each centre by the local laboratory. The mGFR was measured using an iohexol plasma disappearance technique over 4 hours [14] . Serum high sensitive troponin T (hsTnT) and 25(OH)D were measured at Melbourne Pathology, Melbourne, Australia. Serum hsTnT was analysed using the electro-chemiluminescence immunoassay on a COBAS e601 analyser (Roche Diagnostics, Mannheim) with an inter-assay coefficient variation (CV) of 3.1%. Serum 25(OH)D was analysed using the 25OH vitamin D TOTAL assay on a Liaison XL analyser (DiaSorin Inc., Stillwater, MN). It is an automatic, direct competitive chemiluminescent immunoassay with an inter-assay CV of 6.9% at 41 nmol/L and 5.8% at 101 nmol/L. This method gives serum 25(OH)D results that align with the National Institute of Standards and Technology (NIST) targets. Compared to the NIST-aligned liquid chromatography-tandem mass spectrometry system, the equation obtained is y (Liaison XL in nmol/L) = 1.03× -1.1 [16] .
Cardio-metabolic risk factors
Cardio-metabolic risk factors included components of the metabolic syndrome, using National Cholesterol Education Program, International Diabetes Federation and harmonised definitions [17] :
(a) Central Obesity: WHR > 0.9 for males and >0. 85 for females (b)Diabetes: by history or HbA1c ≥6.5% (c) Low HDL-Cholesterol: <1 mmol/L for males and <1.3 mmol/L for females (d)Hypertension: systolic BP ≥ 130 mmHg or diastolic BP ≥ 85 mmHg (e) Current smoker: current cigarette smoker (f ) Past history of cardiovascular disease (CVD): history of ischaemic heart disease, acute myocardial infarction, cerebrovascular accident or transient ischaemic attack by self-report and/or medical records.
Statistical methods
Data analysis was performed using STATA v12.0 (Stata Corporation, TX, USA). Data are presented stratified by 25 (OH)D levels <50 and ≥50 nmol/L ( CVD; higher waist-hip ratio, blood pressure, HbA1c and urine ACR. The difference in urine ACR between groups with 25(OH)D < or ≥50 nmol remained significant after adjustment for diabetes status (p = 0.002) or HbA1c (p = 0.004). Table 2 shows that 53% of all participants had at least three and 23% had at least four cardio-metabolic risk factors. Only 24 participants had nil risk factors. Levels of serum 25(OH)D fell with increasing numbers of cardio-metabolic risk factors (Figure 1) . The study population was grouped on the basis of tertiles of 25(OH)D values (≥72, 53-71 and < 53 nmol/L). Compared to participants with serum 25(OH)D at the highest tertile (≥72 nmol/L), the odds ratio and 95% confidence interval (OR (95% CI)) of having 3 + cardio-metabolic risk factors was 1.95 (1.20-3.16) levels less than 50 nmol/L displayed a more adverse cardio-metabolic risk profile than those with 25(OH)D level greater than 50 nmol/L. Third, serum 25(OH)D levels in the lowest tertile (<53 nmol/L) were independently associated with diabetes, and the association remained significant after adjustment for known cardio-metabolic variables.
To our knowledge, this is the first large study of 25(OH) D levels in adult Aboriginal and Torres Strait Islander Australians. We have reported a high percentage (31%) of vitamin D deficiency in this cohort from Northern and Central Australia, regions closer to the equator than previous Australian studies. The median 25(OH)D level (55 nmol/L) is similar to the mean 25(OH)D previously reported in a small study of 58 Aboriginal participants from South Australia (latitude 35 degrees south), of 56.8 nmol/L [12] . Of note, AusDiab, a nation-wide Australian population-based study, reported that 31% of Australians had 25 (OH)D levels <50 nmol/L, however only 0.9% of AusDiab participants identified as Aboriginal or Torres Strait Islander Australians [6] . High rates of vitamin D deficiency have been reported in other Indigenous populations internationally, including Aboriginal Canadian women (33%) [18] , New Zealand Maori and Pacific Islander New Zealanders (61% and 69% respectively, compared to 46% of New Zealanders of European descent) [19] . However, direct comparison is limited as key characteristics (latitude, age, BMI, co-morbidities) differ between cohorts.
Aboriginal and Torres Strait Islander participants in the current study with levels of 25(OH)D less than 50 nmol/L displayed a more adverse cardio-metabolic risk profile than those with 25(OH)D greater than 50 nmol/L. Levels of 25(OH)D in the lowest tertile (<53 nmol/L) remained significantly associated with at least three cardio-metabolic risks independent of age, gender, ethnicity (Aboriginal or Torres Strait Islander), latitude, season, urine ACR, mGFR and troponin. Waist-hip ratio was used as the index of central obesity (rather than waist circumference) as it is a better discriminator of CVD risk across populations of different body build [20] . The relationship between 25(OH)D levels and cardio-metabolic risk factors observed in the current study is consistent with that described in large Australian and international observational studies, both cross-sectional [21] and longitudinal, for the outcome of cardiovascular events [5] and metabolic syndrome [2] .
Low serum 25(OH)D was significantly associated with increased diabetes risk in this cross-sectional cohort. This is independent of other known cardio-metabolic variables (including waist-hip ratio, HDL-cholesterol, urine ACR, mGFR, blood pressure and cigarette smoking). A similar independent relationship between diabetes and 25(OH)D levels has been reported in other cross-sectional studies [11] , and confirmed in prospective observational studies [3, 4] . However, intervention studies have not clearly demonstrated efficacy of vitamin D supplementation against development of type 2 diabetes [22] . Several mechanisms have been proposed for the role of vitamin D in diabetes. Adequate serum 25(OH)D levels promotes synthesis of 1,25(OH) 2 D in extra-renal tissues. Improved beta-cell function by 1,25(OH) 2 D produced by pancreatic beta-cells, improved insulin sensitivity by 1,25(OH) 2 D in skeletal muscle, liver and adipose tissue, and systemic anti-inflammatory effects of 1,25(OH) 2 D reduce the risk of developing diabetes [4, 23] . The odds ratio of the association between low vitamin D and diabetes decreased with addition of covariates (including season, latitude, and diabetes and cardio-metabolic risk factors) to the model. Data for physical activity and sun exposure were not available in the current study; inclusion of these data may have further attenuated the reported association, although data for central obesity and latitude were included.
High levels of vitamin D deficiency in Aboriginal and Torres Strait Islander participants in the current study may be related to darker skin pigmentation, reduced hours of sun exposure and/or change in physical activity levels from the hunter-gatherer to the sedentary indoor lifestyle. The change in dietary pattern from traditional (which was nutrient rich and included vitamin D-rich offal and a variety of marine species) to a Western pattern could also be a contributory factor, however dietary sources of vitamin D are often relatively low. The majority of Australians do not meet the recommended dietary intake of vitamin D [24] and vitamin D fortification is voluntary for dairy products (and mandatory only for edible oil spreads) in Australia.
Limitations of the current study include: its crosssectional design; data were not collected for physical activity, vitamin D supplementation, dietary sources of vitamin D, skin pigmentation, sun exposure, time spent outdoors, sun protection behaviour; differences between Aboriginal and Torres Strait Islander participants for proportion with diabetes or CVD, latitude and season of blood collection. Season was categorised as the traditional four Australian seasons, as was used in the AusDiab study, although available data indicate that hours of sunlight per season vary less in tropical than in subtropical regions of this study [25] . Nevertheless, this is the largest study reporting 25(OH)D levels in Aboriginal and Torres Strait Islander Australians, a population at high risk of diabetes and CVD. Participants were from tropical and subtropical regions of Australia, regions where a significant proportion of Indigenous Australians reside, yet levels of 25(OH) D have not previously been reported among Indigenous Australians from these regions.
Conclusions
We have reported a high percentage of vitamin D deficiency among Aboriginal and Torres Strait Islander Australians from Northern and Central regions of Australia. Low level of 25(OH)D was associated with more adverse cardiometabolic risk profile and was independently associated with diabetes in this cross-sectional cohort. Further exploration of these findings is required in both longitudinal, observational and interventional studies.
